I. INTRODUCTION
Wide bandgap GaN-based high electron mobility transistors (HEMTs) and fieldeffect transistors (FETs) are able to provide higher breakdown voltage and higher electron mobility than conventional Si-based high power devices [1] [2] [3] . Normally-off GaN
HEMTs are greatly needed to lower power and to simplify circuit and system architecture, which is one of the major challenges in GaN HEMT technology [2] [3] [4] . A recessedAlGaN/GaN structure is one of the useful options to enable the normally-off operation.
Due to the high requirements on the gate dielectric thickness, uniformity, quality and surface morphology, recess etch is a very critical step in the fabrication of GaN HEMT 2, 4 .
Reactive ion etching (RIE) with chlorine (Cl2) or boron trichloride (BCl3) plasma gives high selectivity between AlGaN and GaN. However, they cause damages to AlGaN [3] [4] [5] [6] , which can significantly affect the uniformity, surface quality and morphology.
Therefore, Cl2 and BCl3 etching recipes are not suitable for the very shallow recess etch 3, 6 . Another well-known method contains a selective thermal oxidation step of AlGaN over GaN at 500 to 600 º C and a wet etch in a potassium hydroxide (KOH) solution [7] [8] [9] . In another work, a GaN cap layer was used as the oxidation mask and another GaN as the etch-stop layer [7] [8] [9] . This method can generate very smooth surfaces with root mean square RMS smoothness below 0.3 nm. However, it is limited for practical application due to the more complicated epitaxy and extra thermal oxidation steps.
Oxygen plasma based digital etching is the third etch option. A cycle of digital etching includes a plasma oxidation step and a wet etching step to oxidize the target material and to remove the oxidation products. Compared to the Cl2 or BCl3 plasma etch, it produces better surface quality. Also, it does not require very complicated epitaxy as the second recess etch method discussed above. Theoretically, the oxygen penetration depth depends on the radio frequency (RF) bias power of the plasma. Therefore, the thickness of oxidation and the amount etched in one cycle saturate with the oxidation time at a certain temperature and plasma power [10] [11] . This phenomenon realizes the selflimiting recess etching process.
A digital etching recipe containing oxygen (O2) plasma was first shown by S. D. 17 . They investigated the digital etching behavior with different power settings and equipment. The AlGaN layers studied in the literature were partially recessed, and the recess depth was controlled by the etching cycle numbers [17] [18] [19] [20] .
This work was designed to study the digital etching of AlGaN with an AlN spacer/etch-stop layer, which is helpful for better controlling the AlGaN recess depth.
Meanwhile, improved surface roughness was observed using this method.
II. EXPERIMENTAL
In this work, oxygen plasma in an inductively coupled plasma ( As seen in Fig. 2. (b) , the etching depth reached a plateau at the 4 th cycle, and then continued after the 6 th cycle. Oxygen plasma reacted with Al0.25Ga0.75N and AlN, and the oxidation products were investigated by X-ray photoelectron spectroscopy (XPS). After the 4 th and the 5 th plasma oxidation step, before dipping in the HCl solution, the XPS measurement results proved that the oxidation products had aluminum oxide Al2O3 and gallium oxide Ga2O3 (Fig. 3 ) [21] [22] . It was clear that the proportion of Ga2O3 decreased while the peak of Al2O3 was much more distinct after the 5 th oxidation step. The four chemical reactions of the oxidation and wet etching are described as below: Therefore, the etching seems to be paused by this Al2O3 layer. After the 6 th cycle, the etching continued as Al2O3 was etched by more HCl solution etching time and the oxygen plasma bombardment. After the 6 th cycle, the thick GaN layer was exposed to oxygen in ICP, and was oxidized to Ga2O3, which could be dissolved in the HCl solution.
Therefore, the etching depth continued to increase after the 6 th cycle. The surface morphology of the AlGaN/GaN samples after 3 and 7 cycles of digital etching process was compared in Fig. 4 , which were measured by AFM on six areas per sample with a scan area of 1 × 1 μm 2 . Each surface was characterized using a root-mean-square (RMS) roughness and a mean roughness (Table I ). The roughness decreased slightly with increasing number of cycles. However, the RMS roughness of the 6 th cycle increased slightly. Due to the very thin thickness of AlN (0.8 nm), the epitaxial growth of this layer resulted in a higher AlN thickness non-uniformity and hence higher Al2O3 thickness non-uniformity. After the 7 th cycle, the RMS improved from 0.656 to 0.330 nm. 
IV. SUMMARY AND CONCLUSIONS

